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Abstract 
We fabricated Co nano-rings incorporated in the vertical pseudo-spin-valve nanopillar 
structures with deep submicron lateral sizes. It is shown that the current-perpendicular-to-plane 
giant magnetoresistance can be used to characterize a very small magnetic nano-ring effectively. 
Both the onion state and the flux-closure vortex state are observed. The Co nano-rings can be 
switched between the onion states as well as between onion and vortex states not only by the 
external field but also by the perpendicularly injected dc current.  
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Nanomagnets have attracted considerable attention since they display different stable magnetic 
states depending on the shape, dimension, and composition.1, 2 Their potential technological 
applications include high-density magnetic random access memory (MRAM),2 magnetic logic,3 
or other magnetoelectronic devices. Among the nanomagnets with various sizes and shapes,  the 
magnetic rings have recently been conspicuous both theoretically 4 and experimentally,5-8 
attributed to their high symmetry and hence the very simple and well-defined magnetic states, i.e. 
the flux-closure vortex state and the onion state.6-9 The magnetic ring is not only an ideal 
candidate for MRAM but also suited for investigating the nucleation, movement and annihilation 
of domain walls in well-controlled structures .  
The magnetic switching in rings from submicron to micron scales has been investigated 
primarily with magneto-optical Kerr effect (MOKE) measurements, 6, 10, 11 compared with 
theoretical simulations. To provide sufficiently large signal, rings in an array with a large area are 
usually fabricated and their collective magnetic properties are measured. However, because of the 
sample-to-sample variation, the collective result does not necessarily reflect the behavior of an 
individual ring. To find the intrinsic switching properties, a single magnetic ring has been studied 
with probes like magnetic force microscopy (MFM),7 photoemission electron microscopy 
(PEEM),11 and Lorentz microscopy.12 Magnetoresistance (MR) measurements have also been used 
to characterize a single ring in the current-in-plane (CIP) configuration.9, 13 Unfortunately, limited 
by the resolution or the size of the electrode, those probes are not suitable for a very small 
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magnetic ring of sub-200 nm or smaller, which may present unique magnetic behaviors and is 
requested by such device applications as data storage to achieve high density. On the other hand, 
the giant magnetoresistance (GMR) measurement in the current-perpendicular-to-plane (CPP) 
configuration is not limited by the element size and thus suitable for characterizing a very small 
magnetic ring. In fact, for the CPP-GMR measurement, the smaller the element is, the stronger 
the signal is. The CPP-GMR is also easy to implement in a real magnetoelectronic device. In 
addition, the CPP configuration can be utilized to study the magnetization switching with a 
perpendicularly injected dc current.14-18  The current-induced magnetization switching (CIMS) is 
a new approach to switch a nanomagnet through transferring spin angular momentum. CIMS can 
greatly simplify the structure of a magnetoelectronic device and reduce the power consumption. 
Recent studies have shown that the current in the CIP configuration induces the domain wall 
motion in the magnetic rings by applying a spin-transfer torque.19, 20 A challenge in the CPP-GMR 
measurement is to fabricate the magnetic nanoring as small as sub-200 nm in a CPP 
configuration. 
To study the magnetic nano-ring in the CPP configuration, we have fabricated vertical 
pseudo-spin-valve nanopillars from a magnetic multilayer Co20nm/Cu10nm/Co3nm/Au10nm, in 
which the Cu10nm/ Co3nm/Au10nm layers are patterned into the ring shape with various lateral 
sizes. Different from the lift-off process popularly used in fabricating the magnetic rings, ion 
milling is performed after patterning with electron beam lithography in our fabrication process, 
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similar to that for an elliptical nanopillar. 21  The switching of the Co ring is thus studied with the 
CPP-GMR by applying either an in-plane external field He or a vertical dc current. The resistance 
is measured with a small ac current and the lock-in technique at room temperature. The electrical 
current flowing from the bottom to the top is defined as positive, as depicted in Fig.1. 
The SEM images of the fabricated rings are shown in Fig. 2. The widths of the rings are 
roughly about 50 nm, while the outer diameters are from 155 nm to 325 nm.  The magnetic 
switches of the rings are firstly studied by sweeping the external field. The MR loops plotted in 
Fig.3 (a), (b), (c) and (d) correspond to the rings in Fig. 2 (a), (b), (c) and (d) respectively. As 
shown in Figs.3 (b), (c) and (d), three states are observed for the Co rings. According to the 
resistance values, they are respectively the onion state with the magnetization parallel to the 
bottom Co layer magnetization (hereafter onion-P state), the vortex state, and the onion state with 
the magnetization antiparallel to the bottom Co layer magnetization (hereafter onion-AP state). 
For the smallest Co ring, only two states are observed in Fig.3 (a). The one with smaller resistance 
is the onion-P state. The other state is characterized to be the onion-AP state from the minor MR 
loop showing that the switching of the bottom Co layer transforms it into the onion-P state. In 
addition, for the largest Co ring, the transition from the onion-AP state to the vortex state occurs 
at a very small external field. Therefore, in general, the vortex state becomes more and more 
unfavorable as the lateral size of the Co ring is reduced. This may be ascribed to the increasing 
curvature of the ring which results in an increased exchange energy according to the 
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micromagnetic simulation. 8, 22 
To study the CIMS, the dc current is injected into the Co rings with the sizes of 155 nm/60 nm  
and 215 nm/95 nm. The dependences of the differential resistance dV/dI on the dc current Idc are 
shown in Fig.4 (a) and (b) respectively. During the measurement, a small field of 40 Oe is applied 
to magnetize the extended bottom Co layer. According to the resistance levels, the two states 
appearing in the loop in Fig.4 (a) are onion-P and onion-AP states respectively. Therefore, a 
positive dc current transforms the onion-P state into the onion-AP state which is switched back to 
the onion-P state by a negative dc current. The switching behaviors for the smallest Co ring 
induced by both the external field and the dc current are very similar to those for the elliptical 
nanopillar studied previously. 21 
On the other hand, for the 215 nm/95 nm Co ring, two different dV/dI ~ Idc loops are observed 
when the initial states are onion-AP and onion-P respectively, as drawn in Fig.4 (b). According to 
the resistance levels at 0 mA dc current, the magnetic transitions occur only between the initial 
onion state and a vortex state. For either loop, the favorable states are the high resistance state for 
positive currents and the low resistance state for negative currents, typical of the 
spin-transfer-induced magnetization switching. Nevertheless, to explain the switching behaviors, 
we should take into account not only the spin-transfer torque, but also the external field He and 
the Oersted field Hi , which can be calculated with 23 
)())(2( 2222 inoutini RRRRRIH --= p ,                     (1) 
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where R is the distance to the center of the ring, Rin and Rout are the inner and outer radii 
respectively. For a 10 mA dc current, Hi is about 100 Oe at 2)( inout RRR +=  in the ring. When a 
negative current is applied, the spin-transfer torque favors an P state while the circumferential 
Oersted field favors the clockwise vortex state, as shown in Fig.5 (a). For domain B in the 
onion-AP state, the Oersted field is in the same direction with the external field assisting the 
spin-transfer torque to reverse the magnetization; while for domain A, the Oersted field resists 
the spin torque. Consequently, only domain B is switched by the negative current, leading to the 
clockwise vortex state in Fig.5 (b).  
  When the current is reversed, both the Oersted field and the spin torque applied on the 
clockwise vortex state are also reversed, inducing domain nucleation in B and finally the transion 
to the onion-AP state,  as shown in Fig.5 (c) and (d).  
The switching between the onion-P state and the vortex state may be explained with a similar 
mechanism. However, the vortex evolved from the onion-P state should be counterclockwise. The 
resistance dependence on the current for the clockwise vortex state is different from that for the 
counterclockwise vortex state, as shown in Fig.4 (b). 
It was reported20 that the critical current density to move the domain wall in the ring is in the 
order of magnitude of 1012 A/m2 in the CIP configuration. The critical switching current densities 
for the 215nm/95nm Co nano-ring are 2.5´1011A/m2, 3.3´1011A/m2, 3.1´1011A/m2, and 
4.1´1011A/m2 for Onion-P to vortex, vortex to Onion-P, Onion-AP to vortex, and vortex to 
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Onion-AP switches respectively, the same level as that for reversing the elliptical nanopillar.21 It 
is also noticed from both Fig.3 (b) and Fig.4 (b) that the transition from the vortex to the onion is 
more difficult than that from the onion to the vortex. That may be due to the domain nucleation 
during the transition from the vortex to the onion states. Another explanation is that the vortex is 
more stable.  
The 155nm/60nm ring does not show the vortex state during its switching. There are also two 
possible explanations. One is that the onion state may be more stable. The other is that when the 
size is reduced, the Oersted field may be negligible, thus the onion state is switched directly to the 
opposite onion state by the spin-transfer torque.  
In summary, we have fabricated the ring-shaped nanopillars with the size down to sub-200 nm. 
Both the onion state and the vortex state in the Co nano-ring can be characterized with the 
CPP-GMR measurement. Perpendicularly injected dc current can induce magnetic transitions 
between onion and onion states as well as between onion and vortex states, attributed to the 
spin-transfer torque assisted by the Oersted field. In addition, the chirality of the vortex state is 
deduced from the direction of the current.  
The authors are grateful to Dr. Tsukagoshi and the Nanoscience Development and Support 
Team of RIKEN for their great supports. 
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Figure captions 
Figure 1 Schematic structure and measurement layout of the ring-shaped magnetic nanopillar. 
Figure 2 SEM images for nano-rings with four different lateral sizes. The first row is the top view 
while the second row is the oblique side view. The outer/inner diameters in nm are 
labeled below the SEM images.  
Figure 3 The CPP-GMR loops for nanopillars shown in Fig.2. The dashed line in (a) is the minor 
loop. 
Figure 4 Current-induced magnetization switching loops for ring-shaped nanopillars with the 
sizes of (a) 155nm/60nm and (b) 215nm/95nm respectively. The dotted and solid lines in 
(b) are the loops measured with onion-AP and onion-P initial states respectively, as 
indicated by the solid circles. The open circle indicate the vortex state. To show the 
details, the loops are not drawn for the whole sweeping current range from +25 mA to 
-25 mA. 
Figure 5 Illustration of the switching mechanisms for the magnetic transitions between AP-onion 
and vortex states. M1 and M2 (solid lines) are the magnetizations of the bottom Co layer 
and the Co nano-ring respectively. The dotted and dashed lines indicate the Oersted field 
and the dc current respectively. 
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